To investigate the hardening mechanism due to cavity formation in vanadium, in-situ transmission electron microscopy (TEM) observation was performed for the helium ion-irradiated pure vanadium during tensile test. The obstacle barrier strength ¡ was calculated from the bow-out dislocation based on line tension model and the obstacle barrier strength of cavity in pure vanadium was about 0.5 to 0.7 and slightly increased with increasing the cavity size. Generations of cross-slip and double cross-slip occurred with jog generating after the interaction between dislocations and cavities. The fraction of cross-slip and double cross-slip at dislocation pinning were increased with the increasing cavity size and it is suggested that the cross-slip of dislocation can be formed at cavity due to local climb motion of dislocation on the cavity surface.
Introduction
Irradiation hardening is one of important issues for maintain the structural integrity for nuclear application such as in-pile structural component in light water reactor and blanket components in fusion reactor. The irradiation hardening is caused by the irradiation-induced defects such as dislocation loops, cavities including void and bubble, and precipitates. Especially irradiation-induced cavities have strong effect on the irradiation hardening as well as irradiation-swelling and creep for structural materials at high temperature. 1) In order to evaluate the structural integrity for component due to mechanical property changes of materials after neutron irradiation, the contribution of irradiation hardening for each defect element should be quantified. When the evaluation of irradiation hardening has been estimated from the microstructural information in the postirradiation experiment and observation, a factor of irradiation hardening for each element of irradiation-induced obstacle was determined by extrapolating the statistical information of microstructure such as number density, size distribution and so on. 2, 3) On the other hand, an in-situ transmission electron microscopy (TEM) observation during tensile test in a column of TEM provided the direct information of hardening factor for each defect element from the bow-put dislocation behavior at obstacle pinned by dislocation.
48) According to a significant development of computer technology for simulating defect cluster formation with molecular dynamics calculation and dislocation behavior with dislocation dynamics calculation in the last decade, comparison between experimental data and calculated results is allowed to be achieved and the necessity of experimental data become greater in the recent days. Especially, the interaction between the dislocation motion and void and the complex interaction mechanism including cross-slip and generation of jog segment have been investigated through the computer simulation study.
911) These interaction mechanisms between mobile dislocation and obstacle such as precipitate and cavity are not so enough to confirm dislocation behavior through computer simulation study. The more experimental data will be necessary by using the in-situ TEM observation during tensile test for irradiated and/or thermal-aged materials that contain irradiation-induced defect clusters and precipitates working as obstacles against dislocation motion.
The purpose of this study is to obtain an obstacle barrier strength of cavity formed in helium ion-irradiated pure vanadium by using the in-situ TEM observation of dislocation behavior during tensile test. From an analysis of dynamic behavior of dislocation interaction with cavity, the interactions are characterized and the mechanisms of dislocation interaction with cavity are identified.
Experiment
Sheets of pure vanadium with a thickness of about 0.2 mm were prepared and machined to pieces of 11.5 © 2.5 mm rectangles. Its chemical composition was O-520, N-8 and S-3 mass ppm. Before irradiation, all specimens were annealed in a vacuum at 1373 K for 28.8 ks (8 h). Irradiation experiments were performed using an ion-implantation device in the Wakasa Wan Energy Research Center. The projectile ions are 190 keV helium ions. The irradiation doses were 0.2 and 0.4 dpa at a depth of 500 nm from the surface with the dose rate of 4 © 10 ¹3 dpa/s. The irradiation temperature was 873 K. The irradiation environment was vacuum of 5 © 10 ¹4 Pa. A heat treatment after helium ion irradiation was performed to make the cavity size larger. The heat treatment condition was at 1373 K for 7.2 ks (2 h). TEM specimens were electro-polished by back-thinning method with a mixed solution of sulfuric acid : methanol = 1 : 4 at 15 V and 258 K. In-situ TEM observation was performed in a JEOL JEM-2100TM TEM operated at 200 kV with a tensile holder at room temperature. The tensile load capacity was about 0.5 kg. The motion of dislocation lines was recorded by a digital wide-angle CCD camera. The time resolution of video recording was 1/200 s.
Microstructural analysis for dynamic behavior of dislocation interaction with cavities was performed on a sequence of the digital image that dislocation was pinned and depinned at obstacles such as dislocation loop, precipitate and cavity. According to line tension model using elastic theory, the obstacle barrier strength ¡ is expressed as ¡ = cos(º/2), with the measuring of critical bow-out angle, º, when dislocation motion was pinned by obstacle. 4, 5) To consider accurate dislocation shape on slip plane, the slip system of dislocation at observation object has to be determined. The tensile holder using in this work is single tilt holder, so the general g·b analysis was difficult. Therefore, the analysis of in-situ TEM observation for the ¡ was performed according to the following procedure.
The slip system was assumed to be in the ©1 11ª direction, with {110} or {112} under this experimental condition. The incident beam direction of electron beam was determined using the index method on the TEM diffraction pattern. Also, the slip system was determined by Schmid's law and the slip lines, and Burgers vector was confirmed that elliptical shape of Wulff construction method is applied to observation dislocation shape. Also, the bright field image has to be collected to correspond to the slip plane and the plane of paper. The critical bow-out angle was measured with consideration for the ellipse shape of dislocation described by Wulff construction method. 12, 13) The º was taken as the angle between two tangent lines drawn from the obstacle in the line tension approximation. Elastic strain energy is given by the equation proposed by Foreman. 14, 15) EðªÞ ¼ Gb
where b is the Burgers vector, G is the shear modulus,¯is Poisson's ratio, ª is the angle between the dislocation line and the Burgers vector, and R and r 0 are the outer cut-off distance and inner cut-off radius in the elastic strain field of the dislocation, respectively. The Poisson ratio was used as that for pure vanadium,¯= 0.36. The ratio of the length X of the long axis and the length Y of short axis of dislocation loop of elliptical shape is calculated using the following equation.
where the length X is along the screw dislocation direction, and the length Y is along the edge dislocation direction. Hence, the X/Y ratio is 1.56. As shown in Fig. 1 , the º was taken as the angle between two tangent lines drawn from the interaction point to fit dislocation loop of elliptical shape in observation dislocation shape from eq. (2). The ¡ was estimated from º. Figure 2 shows a set of bright field images of unirradiated and irradiated specimens of pure vanadium. There was no cavities and precipitates in an annealed specimen of pure vanadium as shown in Fig. 2(a) . From the Figs. 2(b), 2(c) and 2(d), cavities were formed in the ion-irradiated area around surface of specimens. The inserted figures in Fig. 2 show the high-magnification images of cavities in the specimens. As shown in Fig. 2 (b), dot contrasts with the size of approximately 4 nm were observed in the specimens irradiated with a damage level of 0.2 dpa. From the previous work using the thermal helium desorption spectrometry (THDS), it has been reported that the generation of helium bubble occurred in pure vanadium irradiated by 1 keV helium ion at RT 16) and it suggested that the dot contrasts in the irradiated specimens might be helium bubble as cavity formation in this study. In the annealed specimens, dot contrasts and white dot contrasts in under-focused images were observed as shown in Figs. 2(c) and 2(d) and they might also be cavities such as helium bubble or void. Table 1 shows an irradiation and heat treatment condition, cavity size and number density from the microstructural analysis for irradiated and annealed specimens. The average size of cavity was ranged from 4 to 14 nm in this study.
Microstructural Observations
From the experiment with unirradiated specimen, a lot of flight movements of screw dislocation were observed in loading during the tensile test and the straight dislocations were quickly glided in the specimen.
In the helium ion-irradiated specimens and annealed specimens, dislocations were pinned and overhung at cavity obstacles. Finally the dislocations were depinned and took off from the cavities in loading during tensile test. From the video analysis of dislocation motion in pinning and overhanging, several types of dislocation interaction with cavity were identified; obstacle-cutting type and several cross-slip type including debris generation and hair-pin motion. Figure 3 shows the BF images of pinned and depinned dislocation at a cavity in a sequence in an annealed specimen with 0.2 dpa. At first, a dislocation was pinned at a cavity, and depinned and took off from the cavity in loading during tensile test. From the sequence of video images, dislocation went forward through the cavity and left no remnant around the cavity at all. This is a typical feature of dislocation interaction with cavity in the ion-irradiated and annealed specimens and is called as obstacle-cutting type.
In this work, the cross-slip motion occurred in dislocation interaction with cavity, therefore, dislocation split from one dislocation line into two dislocations on the cavity surface when the dislocation was pinned and passed across the cavity. Figure 4 shows a series of BF images of debris generation due to dislocation interaction with cavity in loading during tensile test. The specimen was an annealed one with 0.2 dpa. In this case, the dislocation motion left a debris around the cavity after its interaction with cavity. From the microstructural analysis of geometry between debris and dislocation line by the dislocation theory, the debris was not formed by Orowan cutting mechanism that a dislocation was enclosed a cavity and passed with the remnant surrounded around the cavity. Figure 5 shows a series of BF images of dislocation motion with a hair-pinned jog during tensile test. The specimen was an annealed one with 0.2 dpa. A dislocation was overhung from cavities and the shape of dislocation looked like a hair-pin, and the hair-pinned dislocation moves parallel to dislocation line direction. From the crystallographic analysis using electron diffraction technique, the Burgers vector of dislocation was aligned along dislocation line direction, therefore it was screw type of dislocation and the part of top of hair-pinned dislocation consisted of a jog component with edge type of dislocation. It was considered that the jog component of dislocation was formed by dislocation interaction with cavity that the crossslip occurred on the cavity surface when the dislocation was pinned and passed through the cavity.
The type of obstacle-cutting mechanism or the cross-slip mechanism was identified from the video analysis of dislocation interaction behavior with cavity, and a fraction of cross-slip generation was determined. The definition of a fraction of cross-slip generation is the ratio of the number of dislocation interaction with cavity due to the cross-slip mechanism to the total number of dislocation interaction with cavity. It was 15, 21 and 67% for helium ion-irradiated specimen, annealed specimen with 0.2 dpa and annealed specimen with 0.4 dpa, respectively. The main difference of three specimens was cavity size and it was considered that the cavity size might influence the mechanism of dislocation interaction with cavity. Moreover, the ¡ was obtained by measurement of bow-out angle between dislocation pinned at cavity and the calculation based on the obstacle-cutting mechanism on same slip plane except for the cross-slip case of dislocation interaction. Figure 6 shows the histogram of ¡ for each three specimens. Averaged ¡ for cavity was determined to be 0.56 for the helium ion-irradiated specimen, and ones of annealed specimens with 0.2 and 0.4 dpa were determined to be 0.59 and 0.71, respectively. Also the ¡ increased with increasing the cavity size. Figure 7 shows the size dependence of ¡ and the fraction of cross-slip for dislocation interaction with cavity. The size dependence of ¡ could be seen slightly but the size dependence of the fraction of cross-slip for dislocation interaction with cavity could be seen apparently.
Discussions

Cross-slip generation for large cavity
The cross-slip generation on the cavity surface could be observed in the dislocation interaction with large cavity in Fig. 7 . It is considered that the cross-slip generation on the cavity surface is caused by local climb motion of dislocation around the cavity surface. The Gilman-Johnston mechanism has been reported that dislocation morphology depends on the jog length after double cross-slip generation of the screw dislocation.
1719) In case of small length of jog formation, a dislocation line generates a debris after a dipole generation when the dislocation line is pinned by an obstacle as shown in Fig. 8(a) . On the other hand, a dislocation line acts as an individual dislocation source at each end of jog in the case that the jog length is large, and the dislocation line turns to spiral shape like the hair-pin shape in Fig. 5 and Fig. 8(b) . Since the Peierls stress of edge dislocation is smaller than the screw dislocation for BCC structure metals at RT and it could be observed that the motion of jog segment in hair-pin dislocation goes toward the Burgers vector direction of screw dislocation. Similar feature of hair-pin dislocation has reported in the previous study that the jog segment moved along the Burgers vector direction during double cross-slip motion. 20) Schematic views of a sequence of dislocation reaction with obstacle forming a debris or a hair-pin dislocation are shown in Fig. 8 . Where, the slip plane of cross-slip with (0 1 1) in Fig. 8 was determined in the slip plane candidate including Burgers vector with [ 11 1 ] by Schmid's law only. Also, the inserted figures in Fig. 8 showed the enlarged views and cross-section views of interaction between dislocation and cavity.
When a computer simulation was performed for screw dislocation interacted with void in BCC Mo, 21 ) the segment of dislocation on the cavity surface split from the original slip plane and it suggested that the generation of cross-slip and debris occurred on the surface in the interaction. Similar tendency could be seen in the interaction between edge dislocation and void in ¡-iron 10, 11) and it is suggested that the local climb motion of dislocation segment occurred and generate the dislocation jog around void. These results of computer simulation of dislocation interaction with cavity indicated that the dislocation split away from the original slip plane and was shared by the local climb on the cavity surface and that there was the generation of cross-slip or double cross-slip.
While the generation of debris and hair-pin dislocations could not be observed in the in-situ TEM observation experiment for dislocation interaction with Ti(OCN) precipitate in V4Cr4Ti alloys in our previous study, 22) therefore the generation of cross-slip is one of intrinsic feature of dislocation interaction with cavity structure. When the cavity size becomes larger, cavity surface provides the generation of eager cross-slip and local climb and lead to generate jog segment on split dislocations as shown in Fig. 8 .
Cavity size dependence of obstacle barrier strength
The obstacle size dependence of obstacle barrier strength has been reported in the computer simulation and the increase in critical shear stress due to increase of void size has accepted by the cutting mechanism of screw dislocation and edge dislocation. 23, 24) In this study, the tendency of cavity size dependence of ¡ showed slightly linear relationship with cavity size. The dislocation interaction with cavity is explained by the obstacle-cutting mechanism in the line tension model and computer simulation. 23, 24) According to obstacle-cutting mechanism based on the difference from the share modulus between matrix and obstacle, the ¡ in line tension model is assumed to be unity for empty volume of cavity inside. However, in case of an irregular distribution of obstacles due to the computer simulation, the ¡ was less than unity and assumed to be "0.8".
2529) From the experimental results of ¡ obtained from direct observation and measurement, it was from about 0.5 to 0.7 in this study less than the calculated one. The experimental value of ¡ was obtained the value for averaged cavity size and the averaged position on the cavity surface for the interaction between dislocation and cavity including the statistical error. Even though the statistical error was involved in the ¡ in this study, any consideration is not taken for the geometrical and anisotropic effect for dislocation interaction with cavity in the interpretation of intrinsic obstacle barrier strength. From the viewpoint of shear modules between matrix and cavity for the line tension model, the same experiment and analysis are expected to be performed for the other BCC materials, especially pure metal with the higher shear modulus, such as tungsten.
From the obstacle-cutting mechanism in the line tension model and computer simulation, 23, 24) critical resolved share stress of void-cutting behavior for dislocation shows a proportional relationship with void size in ¡-iron at 0 or 10 K in the molecular dynamics simulation. The feature of ¡ for cavity increased with increasing cavity size in this study and the ¡ corresponds to critical resolved share stress at one obstacle. Therefore the relationship of ¡ with cavity size was good agreement with the results of computer simulation, because the ¡ in this work was obtained only from the obstacle-cutting mechanism case at larger cavity size except for the cross-slip generation case including debris generation and hair-pin jog dislocation. However when the cavity grew larger, it is considered that the possibility of cross-slip motion increased on cavity surface from the result of this work. When the ¡ will be evaluated from the in-situ TEM observation technique, type of cutting mechanism and dislocation interaction with obstacle should be identified and the value of each type of obstacle should be individually estimated carefully.
Summary
To investigate the hardening mechanism due to cavity formation in vanadium, the in-situ TEM observation was performed for helium ion-irradiated pure vanadium during tensile test. Ion irradiations with 190 keV helium were performed at 873 K and tensile test after ion irradiation was performed at RT. From analysis of dynamic behavior of dislocation interaction with cavity formed by ion irradiation, the several types of dislocation interaction with cavity were identified and obstacle barrier strength of cavity formed in helium ion-irradiated pure vanadium was determined. The identification of dislocation interaction behavior with cavity was performed from the video analysis of dislocation interaction behavior with cavity, and a fraction of cross-slip generation was determined. It was 15, 21 and 67% for helium ion-irradiated specimen, annealed specimen after helium ion irradiation with 0.2 dpa and annealed specimen after helium ion irradiation with 0.4 dpa, respectively. Averaged obstacle barrier strength ¡ for cavity was determined to be 0.56 for the helium ion irradiated specimen, and ones of annealed specimens with 0.2 and 0.4 dpa were determined to be 0.59 and 0.71, respectively. As well as the fraction of cross-slip generation, the ¡ increased with increasing the cavity size. It was indicated that the dislocation split away from the original slip plane and shared by the local climb motion on the cavity surface and that there was the generation of crossslip or double cross-slip, when the cavity size becomes larger. On the other hand, the cavity size dependence of ¡ showed slightly linear relationship with cavity size. The relationship of ¡ with cavity size was good agreement with the results of previous computer simulation. Because it was obtained only from the obstacle-cutting mechanism case at larger cavity size except for the cross-slip generation case including debris generation and hair-pin jog dislocation, a linear relationship between obstacle barrier strength of cavity and cavity size is considered to be an intrinsic relationship. 
